[1] We present a time-dependent inverse modeling approach to estimate the magnitude of 13 CH 4 emissions and the average isotopic signature of the combined source processes from 14 geographical regions based on the observed spatiotemporal distribution of CH 4 and 15 13 C/ 12 C isotopic ratios in CH 4 . The inverse estimates of the isotopic signature of the 16 sources are used to partition the regional source estimates into three groups of source 17 processes based on their isotopic signatures. Compared with bottom-up estimates, the 18 inverse estimates call for larger CH 4 fluxes in the tropics (266 ± 25 Tg CH 4 /yr) and 19 southern extratropics (98 ± 15 Tg CH 4 /yr) and reduced fluxes in the northern extratropics 20 (252 ± 18 Tg CH 4 /yr). The observations of 13 C/ 12 C isotopic ratios in CH 4 indicate that the 21 large a posteriori CH 4 source in the tropics and Southern Hemisphere is attributable to 22 a combination both bacterial sources and biomass burning and support relatively low 23 estimates of fossil CH 4 emissions. [2] Atmospheric CH 4 plays a major role in Earth's radi-35 ative budget and atmospheric chemistry. CH 4 contributes 36 about 20% of the total radiative forcing from long-lived 37 greenhouse gases. CH 4 is also an important sink for OH 38 radical, the major determinant of the oxidizing capacity of 39 Earth's atmosphere, affects O 3 chemistry in the troposphere 40 and the stratosphere, and leads to the production of strato-41 spheric water vapor. The CH 4 mixing ratio in the atmo-42 sphere has increased by 150% since pre-industrial times, 43 and based on the ice core record of atmospheric CH 4 , 44 current levels of CH 4 have not been exceeded for the last 45 420,000 years [Petit et al., 1999] .
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[2] Atmospheric CH 4 plays a major role in Earth's radi-35 ative budget and atmospheric chemistry. CH 4 contributes 36 about 20% of the total radiative forcing from long-lived 37 greenhouse gases. CH 4 is also an important sink for OH 38 radical, the major determinant of the oxidizing capacity of 39 Earth's atmosphere, affects O 3 chemistry in the troposphere 40 and the stratosphere, and leads to the production of strato-41 spheric water vapor. The CH 4 mixing ratio in the atmo-42 sphere has increased by 150% since pre-industrial times, 43 and based on the ice core record of atmospheric CH 4 , 44 current levels of CH 4 have not been exceeded for the last 45 420,000 years [Petit et al., 1999] .
46
[3] A great deal of progress has been made toward 47 C isotopic ratio has also been 91 used to constraint the CH 4 budget [e.g., Miller et al., 2002;  92 Quay et al., 1999; Mikaloff Fletcher et al., 2004] C due to the isotopic signatures of the sources.
In this case, R reference is the Peedee Belemite carbonate 100 standard [Craig, 1953] . Methane generated by bacteria in Whiticar [1993] .
t1.23 c EDGAR emissions database [Olivier et al., 1996] . t1.24 d Sanderson [1996] .
t1.25
e Levine et al. [2000] . t1.26 f Bingemer and Crutzen [1987] .
t1.27 g Cicerone and Oremland [1988] .
t1.28 h On the basis of Spivakovsky et al. [2000] OH fields and model CH 4 mixing ratios, tuned to IPCC [2001] total CH 4 loss.
t1.29 i Cantrell et al. [1990] .
t1.30 j IPCC [2001] .
t1.31 k Brenninkmeijer et al. [1995] , reflecting the total observed isotopic fractionation due to OH, O 1 D, and Cl in the stratosphere. 1998 -1999 . The a posteriori 119 isotopic signatures of the sources are used to determine the 120 contributions of the bacterial, biomass burning and fossil 121 fuel source processes to the a posteriori CH 4 fluxes and 122 discuss the likely physical causes for differences between 123 bottom-up source estimates and the inverse estimates. 124 Changes in the annual mean fluxes for 1998 -1999 are 125 discussed in the context of the 1998 growth rate anomaly. 126 Finally, the sensitivity of the inverse estimates is tested with 127 respect to changes in several model parameters.
2. Methods
129
[7] The experimental design in this work is described in 130 detail by Mikaloff Fletcher et al. [2004] . Here we provide a 131 brief overview of the model setup, then focus on the 132 differences between these two studies.
133
[8] The model transport is represented by the coarse grid 134 version of Tracer Model 3 (TM3) [Heimann and Körner, 135 2003] with a resolution of 7.8°latitude by 10°longitude by 136 nine vertical levels. TM3 was driven by The National Centers 137 for Weather Prediction/National Center for Atmospheric 138 Research (NCEP/NCAR) wind fields corresponding to the 139 year being modeled. The model was initialized using three-140 dimensional CH 4 and d
13
CH 4 fields from the final time step 141 of a ''test'' inversion which was initialized using observed 142 hemispheric mean values [Miller et al., 2002] . The first 143 3 months of the final inverse results were excluded to minimize 144 inaccuracies due to initial conditions. The CH 4 sinks were 145 prescribed as described by Mikaloff Fletcher et al. [2004] .
146
[9] Mikaloff Fletcher et al. [2004] Quay et al., 1999; Bergamaschi et al., 2000] , only 176 the observations from the NOAA/CMDL network were 177 included in the inverse model. Miller et al. [2002] 178 demonstrated that there may be offsets between laboratories 179 of about 0.1%, which could lead to significant biases in the 180 inverse model. This highlights the need for d 13 CH 4 181 measurement intercomparisons.
182
[11] Like Mikaloff Fletcher et al. [2004] , monthly fluxes 183 for 1998 -2000 were estimated using a time-dependent 184 mass balance inversion [Bruhwiler et al., 2000] . The 185 difference between the observed mixing ratio of a trace 186 gas at the jth station, y j obs , and the model simulated mixing 187 ratio in the absence of sources, y j , is treated as the sum over 188 nreg discrete model regions of the source strengths, x i , 189 multiplied by basis functions, H i,j , which represent the 190 atmospheric response at the jth station to an arbitrary unit 191 flux from the ith region.
193 The modeled mixing ratio, y j obs , is calculated by applying 194 the transport model to the three-dimensional tracer field 195 from the previous month. The basis function for a given 196 region and a given month is simulated by emitting a steady 197 flux from the region, distributed spatially within the region 198 according to an a priori estimate of the sources, and 199 allowing the transport model to act on these emissions. 200 Then, the modeled three-dimensional mixing ratio field is 201 sampled at the station locations at the end of the month.
202
[12] In order to estimate the isotopic signature of the 203 sources, equation (2) can be rewritten in terms of the mixing 204 ratio 13 C and the 13 C/ 12 C isotopic ratio of the sources from 205 each region, R i , as follows:
By dividing equation (3) by R reference , then subtracting 208 equation (2), the following expression can be written
Dividing equation (4) 
The left-hand side of equation (5) 
257
[15] When the a posteriori isotopic signatures are greater 258 than À25% or less than À65%, a feedback mechanism is 259 activated to constrain the CH 4 flux estimates using the 260 isotope data. This constraint is formulated by re-arranging 261 equation (5) and replacing the a posteriori estimate of d i for 262 the regions with spurious isotopic signature estimates with 263 either the minimum or maximum in the range of signatures 264 from the source processes, d min/max .
[16] The total effect of the sources, 
276
[17] The a priori CH 4 flux estimates and spatial patterns 277 for these land regions were calculated by distributing the a 278 priori source process estimates (Table 1) spatially according 279 the NASA Goddard Institute for Space Studies (GISS) flux 280 maps [Fung et al., 1991] , and the uncertainties assigned to 281 the prior estimates are based on the range of estimates given 282 by the IPCC [2001] , as per Mikaloff Fletcher et al. [2004] . 
303
À y j and y j 13C obs À y j 13C and the uncertainties for these two 304 differences, s CH4 and s C13 .
Like s CH4 , s C13 is calculated based on the mean standard 307 deviation of the observations from the smoothed curve.
308
Finally, for cases in which the isotopes are used to constrain 309 the CH 4 flux estimates using equation (6), s const , the 310 uncertainty associated with this constraint is represented by
where the uncertainty associated with the sum of the taken to be 20% of the value of the total.
315
[18] In section 7, the sensitivity of the inverse technique 316 to several potential sources of error is tested using the 317 scenarios summarized in Table 3 . Hemisphere (NH) are decreased relative to a priori esti- [Kaplan, 2001; Walter, 340 1998 ]. However, owing to the paucity of CH 4 observations 341 that constrain these regions, the partitioning between 342 temperate South America, Southern Africa, and Australia 343 may not be robustly driven by the observations. In addition, 344 the observational constraints lead to reductions in the 345 uncertainties associated wit the a priori estimates, especially 346 for regions in the NH.
347
[20] The two-dimensional spatial distribution of CH 4 flux 348 that would result from these regional source estimates has 349 been illustrated by distributing the regional fluxes according 350 to the spatial patterns used for the basis functions (Figure 3 Kaminski et al., 1999; Houweling et al., 1999] . This Tropical Asia 76 ± 38 113 ± 10 112 ± 10 119 ± 10 93 ± 9 114 ± 10 t4.10
Southern Africa 9 ± 3 10 ± 2 10 ± 2 10 ± 2 9 ± 2 10 ± 2 t4.11
Temperate South America 36 ± 20 71 ± 14 73 ± 15 81 ± 15 50 ± 13 70 ± 13 t4.12 Australia 13 ± 4 17 ± 4 19 ± 4 20 ± 4 15 ± 4 16 ± 3 t4.13
Global 523 ± ± ± ± 78 618 ± ± ± ± 28 624 ± ± ± ± 29 662 ± ± ± ± 30 498 ± ± ± ± 28 592 ± ± ± ± 28 t4.14 a Note that the relatively small ocean sources and all of the CH 4 sinks have been prescribed. averaged over the 1998 -1999 inversion time period for (top) a priori estimates and (middle) a posteriori estimates, and (bottom) the difference between the a posteriori estimate and the a priori estimates. This source map was created by distributing the flux estimates from the 11 source regions according to the spatial patterns used to create the basis functions.
458 landfills, biomass burning, and bacterial sources, which 459 include wetlands, ruminant animals, rice paddies, and 460 termites. The mean isotopic signature for each of these 461 source processes was calculated for each latitude band 462 based on a priori estimates. Using mass balance, two 463 equations can be written in terms of three unknowns for 464 each latitude band, 478 range of estimates for the fossil fuels were applied to these 479 equations, resulting in the high and low estimates of 480 bacterial and biomass burning sources ( Table 5 ). Note that 481 this range does not include uncertainty associated with the 482 inverse estimates or the isotopic signatures of the sources, 483 although the sensitivity of this quantity to changes in the 484 inverse estimates will be explored in the next section.
485
[26] In the northern extratropics, the bacterial sources are 486 reduced by this partitioning technique relative to the a priori 487 estimates. Interestingly, the source partitioning finds a 488 negative estimate for biomass burning sources, which is 489 clearly a nonphysical result. This suggests that the fossil 490 fuel estimates may be too high, in general agreement with 491 the process-inversion approach, the prescribed sinks may be 492 too low, or the total flux estimates may be too high in this 493 region. The fossil fuel estimates used in this study may be [Kaplan, 2001] and very high CH 4 fluxes [Walter, 1998] anomaly [Dlugokencky et al., 2001] The isotopic signatures represent the net isotopic signatures from all source processes and were estimated for the scenarios described in Table 2 . The total CH 4 source for each latitude band, aggregated from the regional estimates in Table 3 , was partitioned into bacterial and biomass burning sources using the estimated net isotopic signature of the total flux, the observed isotopic signatures for each source process, and upper and lower limits of the fossil fuel estimates. Note that the ranges shown in the a posteriori estimates only reflect the upper and lower bounds of the fossil fuel range and do not include uncertainty in the inverse estimates. 
The differences in the 1998 and 1999 a priori estimates 532 (Tables 6 and 7) reflect this seasonal bias, and there is no 533 interannual variability in the a priori estimates.
534
[29] 1998 was characterized by a transition from a very 535 strong El Niño, lasting until early May, to a La Niña, 536 beginning in July [Bell et al., 1999] . Model simulations of 537 atmospheric CH 4 mixing ratios have shown that meteorol-538 ogy can have an important effect on interannual variations 539 in atmospheric CH 4 [Warwick et al., 2002] . However, 540 interannual variability due to changes in meteorology is 541 accounted for because the model is driven by assimilated 542 meteorological fields corresponding to the model year rather 543 than repeating a single year of meteorology.
544
[30] The bulk of the wetlands in the northern extratropical 545 latitude band occur in the boreal North America and boreal 546 Eurasia model regions. The inverse emissions estimates are 547 larger for these regions in 1998 than 1999 (Table 6) . In 548 addition, the estimated isotopic signature is much more 549 depleted in 13 C in 1998 than 1999 (Table 7) , leading to a 550 large decrease in the calculated bacterial sources from 1998 sources is known to have such large variability on these 566 timescales, the interannual change is expected to be robust.
567
[31] In the tropics and southern extratropics, the 1998- Tropical Asia 76 ± 38 117 ± 10 76 ± 38 110 ± 9 t6.10
Southern Africa 8 ± 3 9 ± 2 9 ± 3 10 ± 3 t6.11
Temperate South America 36 ± 20 64 ± 14 37 ± 20 77 ± 14 t6.12 Australia 13 ± 4 19 ± 4 13 ± 4 16 ± 4 t6.13
Global 537 ± ± ± ± 78 651 ± ± ± ± 29 515 ± ± ± ± 78 584 ± ± ± ± 28 t6.14 a Note that the a priori source estimates do not include interannual variability. The differing a priori sources from 1998 to 1999 reflect the seasonality of the sources since the two time-averaged values include different months. t6.15 t7.1 Note that the a priori source estimates do not include interannual variability. The differing a priori sources from 1998 to 1999 reflect the seasonality of the sources since the two time-averaged values include different months. t7.17 571 the poor observational coverage in these regions, these 572 results must be interpreted with caution. The largest varia-573 tions in the tropics and southern extratropics over this time 574 period were a moderate decrease in CH 4 flux from tropical 575 South America between 1998 and 1999 and a smaller 576 increase in temperate South America. However, owing to 577 the limited observational constraints on these regions, the 578 partitioning between these regions may not be robust. Since 579 the a posteriori tropical isotopic source signature changes 580 very little from 1998 to 1999, the elevated South American 581 flux estimates in 1998 would most likely be due to an 582 increase in both biomass burning and wetland sources 583 (Table 7) . Conversely, in the southern extratropics, while 584 there is little change in the CH 4 flux estimates, the isotopic 585 signatures suggest that that there may have been a small 586 increase in bacterial sources and a decrease in biomass 587 burning in 1999.
588 6. Sensitivity of the Results
589
[32] The inverse model was tested for sensitivity to 590 changes in the model, as summarized in Table 3 . The first 591 scenario, S0, is simply the a priori CH 4 budget, and S1 is 592 the standard inverse model scenario. If not otherwise 593 specified, discussion of the a posteriori results in this paper 594 refers to S1. S2 applies a more recent measurement of the 595 OH Kinetic Isotope Effect (KIE) [Saueressig et al., 2001] . 596 S3 and S4 test the upper and lower limits of the magnitude 597 of the OH sink, based on the uncertainty estimates of 598 Spivakovsky et al. [2000] . Finally, in S5 the model 599 sensitivity to initial conditions is tested by initializing the 600 inverse model to hemispheric mean CH 4 mixing ratios and 601 d 13 CH 4 , rather than the model simulated three-dimensional 602 CH 4 and d 13 CH 4 fields used in S1 through S4. The inverse 603 estimates for these scenarios are shown in Tables 4 and 5 .
604
[33] In general, the results for the 11 regions CH 4 inver-605 sion show very little variation between inverse scenarios. 606 Changing the KIE (S2) perturbs the CH 4 estimates very 607 slightly in comparison to S1, the base scenario. This 608 perturbation is due to the iterative process that allows the 609 inverse estimate of the isotopic signature to add constraints 610 to the initial CH 4 inversion. As expected due to the 611 relatively small effect of including this iterative process 612 on the CH 4 inversion, the CH 4 flux estimates are relatively 613 insensitive to this change.
614
[34] Using the upper and lower bounds of the OH fields 615 based on their estimated uncertainty [Spivakovsky et al., 616 2000] in S3 and S4 has a much greater impact on the 617 resulting CH 4 estimates. . Changes in the estimated CH 4 flux 618 with changes in the OH field are less than or close to the 619 error estimates for the northern extratropical regions. In the 620 tropical regions of South America, Northern Africa, and 621 Asia, the effect of changes to the OH field is much greater 622 due to the larger concentration of OH in the tropics. The 623 difference between the base scenario and the lower limit of 624 the OH uncertainty exceeds the error estimate on the inverse 625 calculations for these regions. The OH fields in S1 have 626 tures (S0 and S1) are between zero and 1.9% (Table 5) . Table 2 . Error bars on the measurements represent the standard deviation of the individual observations from the smoothed curve.
[45] The a posteriori CH 4 fluxes were partitioned into 812 bacterial and biomass burning sources using inverse esti-813 mates of the net isotopic signature of the flux and upper and 814 lower bound estimates of the fossil fuel and landfill fluxes. 815 This partitioning technique implies that the estimates for 816 fossil fuels in the northern extratropics may be inconsistent 817 with atmospheric observations of CH 4 and d 13 CH 4 . In the 818 tropics and southern extratropics, the source increase in 819 total CH 4 flux relative to the a priori estimates was 820 attributed to a large increase in both biomass burning and 821 swamps.
822
[46] The time-dependent inverse estimates of the CH 4 823 flux and its isotopic ratios provide new insight into the 824 causes behind the 1998 growth rate anomaly. The varia-825 tions between 1998 and 1999 support the hypothesis of 826 Dlugokencky et al. [2001] that wetlands were primarily 827 responsible for the anomalous growth rate in 1998, although 828 increases in biomass burning are also estimated for 1998 829 over 1999.
830
[47] The total CH 4 flux estimate and the partitioning of 831 the source between bacterial and biomass burning sources C records of atmo-949 spheric methane in New Zealand and Antarctica: Evidence for changes in 950 methane sources, J. Geophys. Res., 99, 16, 925 . 951 Matthews, E., and I. Fung (1987) [Lowe et al., 1994] .
